Introduction
Winter temperatures are one of the most important variables structuring the benthic communities of the Wadden Sea. As a variety of native species are very sensitive to low temperatures, cold winters with ice covering the tidal flats may lead to mass mortality of some species, but give others an advantage by reducing competition or predation rates (Beukema 1992; Beukema and Dekker 2005; Strasser and Günther 2001) . Species abundance and community structure vary markedly in response to winter temperatures. Thus, a period of mild winters may give an early insight into the long-term consequences of climate change (Beukema 1992) .
The Pacific oyster (Crassostrea gigas) has been introduced to various places within the Wadden Sea (Nehls and Büttger 2007) . It has extended its range within the Wadden Sea during the last decade by colonising former intertidal blue mussel (Mytilus edulis) beds. The Pacific oyster is described as being very tolerant to low winter temperatures, as it can stand frost for long periods (Diederich 2006) . Pacific oysters occur generally in regions with a lower SST (sea surface temperature) of between -1.9 and 19.8°C and lower air temperatures of between -23°C and 14°C (Carrasco and Barón 2010) .
Cold winters in the Wadden Sea are, however, not sufficiently described by low temperatures alone, as ice cover on the tidal flats and consequent movements of the ice caused by the tides leads to strong mechanical impacts on all intertidal species. The native blue mussel is reported to be very tolerant to low temperatures, but intertidal beds of the species might be completely removed by moving ice on the tidal flats (Nehls et al. 2009 ).
In the North-Frisian Wadden Sea, the most recent severe winter before 2009/2010 occurred in 1996/1997 with more than 70 days of ice coverage (BSH 2010a). Since then, winters have been comparatively mild, with only a few days with ice occurring in 2003, 2006 and 2009 . Thus, the impact of cold winters on survival of Pacific oysters could not be studied after its successful colonisation of the tidal flats of the North-Frisian Wadden Sea.
During the winter 2009/2010, a thick layer of ice was formed on the intertidal flats, with 49 days of ice coverage near the island of Amrum and 56 days ice coverage in the inner parts of the North-Frisian Wadden Sea near Husum. Water temperature dropped to around 0°C (BSH 2010b). These specific conditions gave us the opportunity to investigate the mortality of introduced Pacific oysters in the North-Frisian Wadden Sea after a cold winter and to compare it with preceding mild winters.
Methods
This paper focuses on data from the List tidal basin of the Sylt-Rømø Bight and the tidal flats of the Amrum Deep between the islands of Amrum and Föhr (Fig. 1) . The salinity in the area is documented to range between 30 and 32 psu, and in general, mean water temperature is 14°C in summer and 5°C in winter. Further detailed information about size, hydrography, geology, sediments and biota of the List tidal basin are available from Reise (1985) and Gätje and Reise (1998) .
Mussel beds have been sampled annually since 1998 in spring and autumn in the List tidal basin and during summer between the islands of Amrum and Föhr following standardised methods in the context of the blue mussel monitoring programme of the Trilateral Monitoring and Assessment Programme (TMAP) (TMAG 1997) . Mussel bed size and coverage of mussels as well as their density and biomass are surveyed. Pacific oysters use these mussel beds as substrate. Oysters have been sampled annually since 2003, at first with a 50 9 50 cm frame. In response to increasing oyster densities, a reduced frame size (25 9 25 cm) has been used since 2006. The lengths of all oysters were measured to the nearest 1 mm. The results presented here focus on four beds in the List tidal basin and sampling since 2003 (locations are shown in Fig. 1 ). Oyster mortality in the Amrum Deep is presented for three beds with continuous data since 2006. Winter mortality is calculated as losses in percentage of mean densities between sampling before and after the winter. For beds in the List tidal basin, it covers the period between sampling in autumn (generally September, exceptionally October) and spring (May, exceptionally April). Mortality calculations for beds in the Amrum Deep refer to sampling once in the summer months. To exclude spatfall and possibly high mortality of juvenile oysters as far as possible, oysters smaller than 3 cm are not considered. Significant differences in mean oyster densities between spring data and autumn data of the previous year in the Lister Deep and between summer data of consecutive years in the Amrum Deep were tested using the MannWhitney U test. Differences were considered to be significant at P \ 0.05 ( (Fig. 4) .
In spring 2010, the dense oyster layers looked almost the same, in terms of size and shape, as they did in autumn 2009. Only sparsely populated flats lost oysters, which were not attached to others. In some places, oysters seemed to be mechanically influenced by ice shearing, as the tops of upright oyster shells were broken or oysters at the edge of the beds were smashed or removed (Fig. 5) . However, most of the dead oysters were not visibly mechanically affected, as their shells were not damaged, and oyster beds were not removed by ice, which was the case for blue mussel beds in other parts of the Wadden Sea (own observations in May 2010).
In contrast, between the islands of Amrum and Föhr, oysters appeared some years later (about 1995), and densities are still much lower there compared to the List tidal basin. Here, highest values were reached in 2007 with 152 ind./m 2 on site NA03 (oysters larger than 3 cm, Fig. 2 ). After the winter 2009/2010, oyster densities only suffered significant reductions of 73% on site NA01, site NA03 lost up to 20% and densities on mussel bed NA02 even remained the same (Table 2) (Schmelzer and Holfort 2009; DWD 2011) , so that no effects of ice and low water and air temperatures occurred. An alternative explanation for oyster mortalities before 2009/2010 could possibly be a higher mortality, e.g. due to increasing intraspecific competition for space and food by growing oysters.
After a decade of mild winters the winter 2009/2010 was the first severe ice winter with a thick layer of ice covering the tidal flats. Ice winters can affect benthic communities of the Wadden Sea through low water-and air temperatures or mechanical disturbance such as ice shear or ice burden. Observations following the ice winter of 2009/2010 indicated that Pacific oyster beds were less affected by ice shear (see Fig. 5 ). Mechanical effects appeared only on the edge of beds or on thinly populated areas with solitary oysters, which could be easily removed by ice. Effects on densely packed oyster beds were low. Oysters are cemented to each other and can form concretions some decimetres deep, which are inflexible and heavy. This physical arrangement probably prevents their translocation by ice. In the List tidal basin, ice was pushed together over the beds, and it was possibly partly frozen to the oysters. It formed thick and heavy layers of ice, which probably did not float completely during high tide.
During the winter 2009/2010, water temperature in the North-Frisian Wadden Sea dropped close to 0°C (BSH 2010b). The sea surface temperature (SST, Fig. 6 ) was below 2°C in both tidal basins from the 23 December 2009 and fluctuated afterwards between 0 and 2°C until the 16 March 2010 (83 days). It then increased up to 6°C until the end of March. Minimum air temperature (measured 5 cm above the ground) dropped in the same period to values mainly below 0°C and fluctuated between 2 and -13°C (mean -3.5°C). Depending on the salinity of the water enclosed in their shells, oysters might survive longer periods of low air temperatures (75% survival at 30 psu at -12°C air temperature, exposure for 6 h on 7 days, Wa Kang'eri 2005). Diederich (2006) investigated survival of juvenile oysters on intertidal beds in the List tidal basin and found that survival was high after the mild winter 2001/2002 with more than 90%, while it was low after the cold winter 2002/2003 (37 days with temperatures below freezing) with 25%. However, Diederich (2006) also reported that adult oysters did not suffer from the cold winter. Reise (1998) documented that about 66% of the oysters in the List tidal basin (about 8 oysters/m 2 on blue mussel beds in 1995) survived the ice winter in 1995/1996 with more than 60 days with temperatures below freezing. Experiments with juvenile oysters revealed high mortalities ([95%) after 3-7 weeks in water temperatures of 3°C (Child and Laing 1998) . It thus remains unclear what the lower air and water temperature limits for Pacific Oysters in the Wadden Sea are and how long can they withstand such Fig. 6 ) possibly led to a period of 11-12 weeks with low or no filtration. This was accompanied by the ice burden, which caused additional mechanical disturbance. It is possible that the combination of these factors exceeded the stress tolerance of Pacific oysters leading to the high mortality recorded (compare Newell 1989; Lacoste et al. 2002) . Maybe, the mechanical stress was lower between the islands of Amrum and Föhr, or it only occurred locally on the site NA01. Furthermore, oyster densities on former mussel beds were much higher in the List tidal basin than in the Amrum Deep. These high densities and the large oyster stock in the whole List tidal basin might have stressed the oysters to such an extent that they became more vulnerable to winter effects than the oysters in the southern Amrum Deep. To clarify the effects of low air and water temperature, mechanical disturbance by ice and intraspecific competition as well as their interactions on oyster survival in the Wadden Sea, more investigations and experimental tests are needed.
The native blue mussel population is strongly decreasing in the last decade in the Wadden Sea of Schleswig-Holstein (Nehls et al. 2009 ). In general, the decrease of blue mussel stocks is assumed to be induced by warm winters that led to the recruitment failure due to co-occurrence of mussel larvae and their predators, while warm summers support Pacific oyster recruitment, and oysters are considered to be tolerant to cold winters (Nehls et al. 2006) . The winter 2009/2010 demonstrated that ice winters could lead to a significant reduction in the oyster stock in the Wadden Sea. In contrast, blue mussel recruitment seems to be facilitated by the reduced pressure from predators that occurs after such winters (Beukema and Dekker 2005; Strasser and Günther 2001) . Thus, in theory, a severe winter seems to be able to depress the stock of the introduced Pacific oysters, while it might support the blue mussel recruitment and consecutive increase in the mussel stock.
However, we assume that the remaining oyster stock in the List tidal basin has the ability to compensate for the lost stock within a few warm summers. Due to the high mortality, the oyster population returned to a stock size comparable to some years ago, but with the same potential for recruitment that will be supported by presumably further warm summers to come (compare Diederich et al. 2005; Nehls et al. 2006) . Thus, ice winters may strongly affect interannual variation in oyster densities, but long-term effects on oyster populations or their persistence in the Wadden Sea are not expected by erratic severe winters.
